Introduction
We would like to know the functional form of a(t), from the Big Bang (t = 0) into the indefinite future (or until the Big Crunch, whichever comes first). If we knew the expansion rate today (as given by the Hubble constant) and the energy density of each component, we would be able to compute a(t).
In reality, if only we could determine a(t) from observations, we would then know ǫ for each component. 
To exactly reproduce an arbitrary function f (x) for all values of x, an infinite number of terms is required in the expansion. Using only the first few terms of the expansion gives a good approximation in the vicinity of x 0 if f doesn't fluctuate wildly with x.
The scale factor can be approximated as
and q 0 is the deceleration parameter
q 0 positive ⇒ the expansion is currently slowing down. q 0 negative ⇒ the expansion is currently speeding up.
H 0 and q 0 tell us approximately how the universe expands. From the acceleration equation:ä
For Ω m,0 = 0.3 and Ω Λ,0 = 0.7 we have
i.e an accelerating universe.
Measuring H 0 : In the limit z ≪ 1, Hubble's law is
i.e. measure the redshift z and distance d for a large sample of galaxies and fit a straight line to the plot -the slope of the line gives you H 0 /c. But, distances are hard to measure (and define)!
The proper distance is
The first term is what the proper distance would be in a static universe; the second term is a correction due to the expansion.
Since we measure redshifts, we use
and (inverting the relation)
We can now write d P (t 0 ) as a function of its observed redshift:
If we can measure both z and d P (t 0 ), we can get H 0 and q 0 !
Measuring distances
Within our Solar System, astronomers measure the distance to the Moon and the planets by bouncing radar signals off them ⇒ useful to distances of ∼ 10 AU.
Distances to stars within our galaxy are measured using the method of stellar parallax. The parallax distance d π is
A star at a distance of 1 kiloparsec has a parallax of 1 milliarcsecond, using the Earth's orbit as a baseline. This is the limit of what currently can be measured ⇒ local methods inapplicable on cosmological scales.
Luminosity distance
A standard candle is an object with known luminosity L. If we know the luminosity L and the measured flux f of an object is, we can define the luminosity distance
In a static, Euclidean universe, the luminosity distance and the proper distance are identical (since f = L/A = L/(4πd 2 )). In a universe which is curved and/or expanding, the distances are not the same.
Start with the Robertson-Walker metric:
for κ = 0, +1, −1. A standard candle of luminosity L emits photons at a time t e which at t 0 are spread over a sphere of proper radius d P (t 0 ) and surface area A p (t 0 ) = 4πS κ (r) 2 . In addition to this geometric effect, the observed flux will be decreased by a factor of (1 + z) −2 . First, the expansion of the universe causes the energy of each photon from the standard candle to decrease E 0 = E e 1 + z .
In addition, if two photons are emitted separated by a time interval δt e , by the time we observe them, the interval will have grown to
Angular-diameter distance
Suppose that you have, instead of a standard candle, a standard yardstick, defined as a class of objects whose proper length ℓ is the same. If a standard yardstick is aligned perpendicular to our line of sight and we measure an angular size δθ, we can define an angular size distance:
The distance beteween the two ends of the yardstick at time of emission will be l = ds = a(t e )S κ (r)δθ = S κ (r)δθ 1 + z ,
Note that in the limit that z → 0
Standard candles and the Hubble constant
(1) Identify a population of standard candles.
(2) Measure redshift z and flux f for each standard candle.
(3) Compute the luminosity distance d L for each standard candle.
(4) Plot v = cz versus d L , including only candles with z ≪ 1; the slope gives the value of H 0 .
One class of standard candles are Cepheid variable stars with average luminosities in the range 300 → 40,000 L ⊙ ) which vary with periods in the range 2 → 60 days. Brighter stars have longer periods ⇒ we can calibrate our standard candle. With the Hubble Space Telescope, the fluxes and periods of Cepheids can be accurately measured as far ∼ 20 Mpc away ⇒ H 0 ∼ 75 km s −1 Mpc −1 .
